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Abstract 
Carbon Capture and Storage (CCS) is the process of extraction of carbon dioxide (CO2) from industrial and energy related 
sources, transport to storage locations and long-term isolation from the atmosphere. It is being considered as a bridging 
technology, with significant carbon mitigation potential, especially for large point sources such as coal power plants.  The 
present study looks at the technical feasibility and economic viability of any such initiative in the Indian context by means of 
case studies of individual power plants. The incremental cost of electricity (COE) of the plants retrofitted with CCS has been 
estimated using the cost data on CCS components from literature as well as using the IECM (Integrated Environmental 
Control Model) software. The values of incremental COE and the cost of CO2 avoidance have been estimated as INR 2.2-2.6/ 
kWh and INR 2600-3200 per tCO2, respectively. The costs are highly sensitive to the boiler efficiency and the heat rate of the 
base plant. The retrofitting of the CCS units in the existing coal plants in India is expected to reduce the net power output of 
the already inadequate power sector and increase the electricity generation cost substantially. Thus, it would be worthwhile to 
investigate the necessary and sufficient conditions under which the Indian power plants could graduate to the CCS 
technologies. 
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1. Introduction 
Climate change is one of the major problems the world is facing today. In recent times, there has been a lot of 
concern worldwide over the emission of carbon dioxide (CO2) and other greenhouse gases (GHG) from human 
activities that are assumed to have a detrimental impact on the climate equilibrium. In response to the global climate 
change problem, the world community today is in search for effective means of carbon mitigation.  The Third 
Assessment Report (2001) of the Intergovernmental Panel on Climate Change (IPCC) indicates that no single 
measure would alone be sufficient for climate change mitigation [1].However, carbon capture and storage (CCS), 
along with increasing use of renewable energy and enhancement of energy efficiency and biological sinks, gives us 
hope that the emission reduction needed to attain climate stabilization could be achieved [2-4]. 
 
Nomenclature 
CCS  carbon capture and storage  
COE   cost of electricity 
IECM integrated environmental control model 
NTPC national thermal power corporation 
TPP  thermal power plant 
 
 
CCS is a process, consisting of “the separation of carbon dioxide (CO2) from industrial and energy related 
sources, its transport to storage locations and long-term isolation from the atmosphere” [2]. Alternatively, the 
captured CO2 can be utilized for industrial activities such as Enhanced Oil Recovery (EOR).This is a technology that 
has been developed in recent times and is considered as a bridging technology as we move towards carbon-neutral 
energy sources in response to the growing concerns about climate change problem.  Carbon capture and storage 
(CCS) is being considered as a promising carbon mitigation technology, especially for large point sources such as 
coal power plants.   
 
The per capita carbon emissions are quite low for India (~ 1.4 tCO2 per capita), as compared to the world average 
(4.5 tCO2 per capita) and that for the developed world (10.3 tCO2 per capita) [5].  Although the aggregate emissions 
of the country are increasing with the rising population and fossil energy use, India has very little contribution to the 
historical GHG accumulation in the atmosphere.  However, a large fraction of the Indian society is vulnerable to the 
impacts of climate change due to its geographical location, heavy reliance on monsoon-dependent agriculture and 
limited technical, financial and institutional capacity.  Today, India holds a large potential to offer cost-effective 
carbon mitigation options to tackle this problem, although it is not required to do so as per the present climate treaty.  
 
Coal based power plants in India, with an installed capacity of over 130 GW account for more than half of the 
energy production in the country[6] and approximately 650 MtCO2 annually i.e. 37.5% of the total GHG emissions 
of the country [7].  With a large number of new coal power plants (~ 450 plants with about 520 GW capacity) being 
proposed, the problem of GHG emissions is going to persist [8].   
 
The present study looks at the technical feasibility and economic viability of implementing CCS in the Indian 
context by means of case studies of individual power plants, sampled on the basis of their capacity, location, coal 
type and proximity to the potential storage sites.  Section 2 gives a brief description of the CCS system, an overview 
of the coal power plants in India and the estimated CCS potential in India.  In Section 3, the economic implications 
of implementing CCS on the Indian power sector have been estimated using IECM (Integrated Environmental 
Control Model) tool, through the case studies of four Indian coal power plants.  Finally, we conclude with some 
results and discussion regarding the relevance of CCS in the current scenario in India. 
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2. CCS in the Indian Context 
2.1. What is CCS? 
A typical CCS system consists of the following steps: capture, compression, transport, and storage of CO2.  
Ideally, it should have a monitoring component as well.  Figure 1 gives a snapshot view of these steps, along with 
the potential alternatives at each stage.  The separation and capture of CO2 from the flue gas (post-combustion) from 
a conventional combustion-based plant, is the most promising option, considering the ease of retrofit and the large 
existing coal fleet using the boiler technology [9].  However, this may lead to a huge energy penalty (15-30% 
MWgross) and derating of the existing power generation capacity [10].  Thus, new power plants designed with CCS, 
may adopt pre-combustion CO2 capture (in an integrated gasification combined cycle i.e. IGCC plant), so as to 
minimize the energy penalty.  Oxyfuel combustion plants are being envisaged to facilitate CO2 capture, both in 
retrofit or Greenfield situations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Overview of the CCS system (adapted from [11]) 
The captured CO2 is cooled and compressed to very high pressure (~ 8MPa), and then transported (via pipelines) 
to the nearest suitable storage site (e.g. geological formations such as deep saline aquifer or depleting oil/gas well) 
[2].  It is stored there permanently.  Constant monitoring of the site is crucial, even after the closure of the storage 
site, so as to ensure that there is no leakage [12]. 
2.2. CCS Potential in India 
The storage of CO2 underground resembles a natural geological phenomenon since the gas is found trapped in 
underground reservoirs. The feasibility of using this phenomenon as a mitigation measure has been demonstrated 
successfully at various projects around the world, such as at Sleipner (Norway), where CO2 is being stored in a 
saline aquifer under the North Sea [13].  The possibility of enhanced oil recovery (EOR) using the CO2 stream, as 
implemented in Weyburn (US-Canada), has further increased the interest in CCS [14]. Subsurface storage is 
possible both onshore and offshore. The storage potential of CO2 around the world is expected to be very large.  
Depleted oil and gas reservoirs are estimated to have a storage capacity of 675 – 900 GtCO2 [2].  On the other hand, 
deep saline formations are expected to have a storage capacity of about 1000 GtCO2 globally.   
According to the Global Energy Assessment Report, India has limited geological storage capacity [15].  
However, some other researchers believe otherwise.  The Deccan volcanic province exposed in the western and 
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central India cover an area of approximately 5x105 km2 and could be considered for a large sink of CO2 storage. 
This is one amongst the largest continental flood basalt volcanic provinces of the world, with thickness of basalt 
ranging from few hundred meters to thousands of meters [16].  The basalt covered areas of western and central India 
comprise of the Kutch basin, Saurashtra basin and the Deccan Syneclise.  Tectonically, these traps are considered to 
be stable.  Studies have shown the presence of thick Mesozoic sediments below the Deccan traps.  The basalts 
provide solid cap rock and thus high level of integrity for CO2 storage.  However, the potential for storage in basalt 
rock formations is not considered mature at present [2].  If the concept of CO2 storage in basalt formations can be 
advanced into a mature option, it may have great potential in India [17]. 
In addition, India has some of the world’s largest sedimentary basins.  Deep saline aquifers are present in 
different basins which are suited for the CO2 storage sites.  Majority of the coal fired thermal power plants in India 
are located in the states of Bihar, Jharkhand, Delhi, Punjab, Haryana, Rajasthan and Uttar Pradesh, which are part of 
the Gangetic Plains.  In this case, Ganga Basin and adjoining Rajasthan and Vindhyan basins seem to be suitable for 
use as potential CO2 storage sites [18].  The storage volume in this area is also quite promising.  Moreover, the 
proximity of these sites to the large point sources could make them economically promising.  
Based on the above discussion, the potential geological CO2 storage sites in India are divided into three 
categories, as summarized in Table 1.  
Table 1. CO2 Storage Potential in India 
No. Potential Site Locations Storage capacity Reference 
1 Oil fields Assam and the Assam-Arakan Fold Belt, the Krishna-Godavari and 
Cauvery Basins, and the Mumbai/ Cambay/ Barmer/ Jaisalmer basin area 
922 Mt CO2 [19] 
2 Coal seams Coal fields of India 345 Mt CO2 [19] 
3 Saline aquifers Sedimentary basins in the NW peninsular India and along the SE coast Good  
(not quantified) 
[19] 
2.3. Overview of Coal Power Plants in India 
The electricity sector in India has an installed capacity of 234 GW as of December 2013, which happens to be the 
fifth largest in the world [6].  Most of these existing plants are inefficient, sub-critical pulverized coal plants that use 
domestic coal with high ash content.  The new and upcoming plants will be larger and more efficient – some of them 
also using imported or blended coal of better quality.  On the other side, it is very important to note that over 300 
million Indian citizens have no access to electricity even today [20].  Of those who do have access to electricity, the 
supply is intermittent and unreliable, especially in rural areas.  The average annual domestic electricity consumption 
in India in 2011 was 673 kWhper capita, in contrast to the worldwide annual average of 2933 kWh per capita,and 
8226 kWh per capita in the OECD countries[21].  
Many of the existing coal power plants are located in the proximity of the potential CO2 storage sites.  However, at 
present, the CO2 emissions from the power plants are not regulated.  Also, with the down turn in the carbon market, 
there is no incentive for the coal plants to reduce their emissions, especially by adopting new and expensive 
technologies like CCS.  Nevertheless, it would be useful to estimate the economic implications of implementing 
CCS in the existing coal plants, as a potential carbon mitigation measure. 
3. Estimating the Impact of including CCS in Indian Coal Plants 
3.1. Methodology 
The following steps were undertaken in this study to understand the economic implications of CCS on Indian 
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coal power plants: 
a) Selection of power plant simulation tool (IECM) 
b) Selection of four Indian coal power plants for case studies 
c) Simulation of the four power plants in IECM 
d) Cost estimates of implementing CCS in the four power plants through simulation using IECM 
3.2. IECM as a Simulator Tool 
The Integrated Environmental Control Model (IECM) is a software developed by the Carnegie Mellon University 
for the United States Department of Energy [22].  The purpose of the model is to estimate the performance, 
emissions and the cost of fossil-fuel-based power plants, with (or without) a variety of emission control 
technologies.  The IECM was chosen due to its simple algorithm, transparent nature and user-friendly graphical user 
interface.  The model consists of a configurable base plant and various emission control modules that can be 
executed together or in any desired combination.  Pulverized coal power plants with and without CCS system can be 
simulated using the IECM, so as to estimate the impact of CCS on the performance and cost of the plant.  In this 
study, the IECM has been used to implement two scenarios i.e. the existing coal plant and the same plant with post-
combustion CCS-retrofit.  
3.3. Case Studies of Indian Power Plants 
A database of Indian coal power plants was built, consisting of 131 coal power plants owned by the NTPC, state 
utilities, and independent power producers (IPPs) [23].  The following four power plants were chosen for conducting 
case studies, considering their capacity, age, location, type of coal used and the proximity to a potential carbon sink: 
 
 (a) Dahanu Thermal Power Plant, Dahanu (Reliance) 
 (b) Ramagundam Super Thermal Power Plant, Ramagundam (NTPC) 
 (c) Trombay Thermal Power Plant, Mumbai (Tata) 
 (d) Badarpur Thermal Power Plant, Delhi (NTPC) 
 
The data related to the various technical parameters of these plants(summarized in Table 2) was collected through 
secondary sources and on sitevisits to these plants.  This data was then used in the IECM model to simulate the 
impact of including post-combustion CCS in these plants on their performance and costs.   
Table 2.Basic Performance Data for the Selected Coal Plants [23]  
Power Plant Location/ 
 Owner 
Dahanu/  
Reliance 
Ramagundam/ 
NTPC 
Trombay/  
Tata 
Badarpur/  
NTPC 
Year established 1996 1983-84-89, 2004 1956 1973-81 
Gross Power Output 500 MW 2600 MW 750 MW 705 MW 
Unit Type Subcritical Subcritical Subcritical Subcritical 
Type of firing Cyclone Tangential Tangential Tangential 
Boiler Efficiency 94% 81% 92% 85% 
Source of Coal Indian + Imported Singareni Imported Jharia 
Coal Property     
Carbon (wt%) 43.98 % 36.12 % 58.96 % 42.11 % 
Sulphur (wt%) 0.55 % 1.62 % 0.56 % 0.41 % 
Ash (wt%) 33.8 % 32.76 % 13.99 % 37.63 % 
Calorific Value 4309 kcal/kg 3749 kcal/kg 5173 kcal/kg 3635 kcal/kg 
Unburnt Carbon 0.67 % 1.21 % 0.99 % 1.02 % 
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Excess air in boiler 17 % 23-28 % 20 % 24 % 
Total coal used (t/yr) 2,273,656  11,922,000 1,683,323 3,458,943 
Average Availability 0.96 0.93 0.92 0.92 
Plant Load Factor 1 0.92 0.97 0.89 
Average Gross Plant Heat Rate  2330 kcal/kWh 2370 kcal/kWh 2228 kcal/kWh 2434 kcal/kWh 
NOx Control NO NO NO NO 
SOx Control YES NO YES NO 
Efficiency of FGD 92 % - 95% - 
Particulate control YES YES YES YES 
Efficiency of ESP 99.99 % 96 % 95%  
Aux Consumption (% MWgr) 7.48 %  6.06% 6.4% 6.89 % 
 
4. Results 
It was decided to go for post-combustion, monoethanolamine-based CCS system for retrofitting the four plants.  
This was because the other options (Ammonia system, Membrane system and Oxyfuel combustion system) were 
found to be more expensive.  Each of the four power plants were simulated in IECM under two scenarios – existing 
base case and CO2 capture (CCS) case.  The CCS system with the following configuration was added to these 
plants: MEA-based CO2 capture system (90% capture efficiency), CO2 compressed to 8MPa, and transportation by 
pipelines to the respective storage sites.  The results from these simulations have been summarized in Table 3: 
Table 3.Simulation Results for the Selected Coal Plants with and without CCS  
Parameter Dahanu/  
Reliance 
Ramagundam/ 
NTPC 
Trombay/  
Tata 
Badarpur/  
NTPC 
Gross Power Output (MW) 500 2600 750 705 
Net Power Output w/o CCS (MW) 462.6 2442 696 656.4 
Net Power Output with CCS (MW) 395.1 2151 607 553.7 
Energy Penalty w/o CCS (% MWgr) 7.5% 6.1% 7.2% 6.9% 
Energy Penalty with CCS (% MWgr) 21.0% 17.3% 19.1% 21.5% 
Total CO2 emission w/o CCS (Mt/ yr) 3.65 15.67 5.45 5.31 
Total CO2 captured with CCS (Mt/ yr) 3.29 14.1 4.9 4.78 
Specific CO2 emission w/o CCS (g CO2/ kWh) 868.8 804.7 929.4 1041 
Specific CO2 emission with CCS (g CO2/ kWh) 101.9 91.35 106.2 123.4 
Nearest Storage Region Mumbai-
Cambay Basin 
(Saline Aquifers) 
Krishna-
Godavari Basin 
(Saline Aquifer) 
Mumbai-
Cambay Basin 
(Saline Aquifers) 
Ganga basin 
(gas fields) 
Transportation distance (km) 75 250 100 250 
Cost of Electricity ($/MWh) 61.5 62.03 62.76 61.85 
Cost of Electricity after CCS ($/MWh) 106.0 101.4 109.5 108.4 
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Total increment in COE due to CCS ($/MWh) 44.5 39.37 46.74 46.55 
Total increment in COE due to CCS (INR/kWh)# 2.45 2.17 2.57 2.56 
Cost of CO2 avoidance (INR / tCO2) 3,179 2,631 3,123 2,790 
#Using an (old) exchange rate of $ = INR55 
 
4.1 Conclusions 
 
Based on the four case studies of the existing coal power plants in India (viz. Dahanu, Ramagundam, Trombay 
and Badarpur), the following observations have been made: 
a) The NTPC plant at Ramagundam has comparatively the lowest auxiliary consumption (6.1% MWgross), 
while the Reliance plant at Dahanu,having a highly efficient SOx control,has the highest auxiliary 
consumption (7.5% MWgross).   
b) The NTPC Badarpur plant has the highest specific CO2 emissions (1041 gCO2/ kWh), whereas the 
NTPC plant at Ramagundam has comparatively the lowestspecific CO2 emissions (805 gCO2/ kWh). 
c) In spite of these differences, the cost of electricity from these plants is estimated to be in the narrow 
range of 61.5 to 62.8 $/MWh (i.e. INR 3.38-3.45 per kWh). 
By implementing CCS retrofit in these existing plants: 
a) The net power output of the plant is estimated to decrease by 12-16% of the existing net output, while 
the net energy penalty is expected to be in the range of 17-22% of the gross output. 
b) The specific CO2 emissions are estimated to be in the range of 91-123 g CO2/ kWh. 
c) The cost of electricity is estimated to increase by INR 2.2/ kWh to INR 2.6/ kWh. 
d) The cost of CO2 avoidance is estimated to be in the range of INR2,631 to INR 3,179 per tonne of CO2 
avoided. 
 
4.2Discussion 
 
Based on the four case studies presented here, the implementation of CCS in the existing coal plants in India is 
expected to lead to an energy penalty of 17-22% MWgross.  Lesser net output could mean adding more capacity to the 
power sector in order to maintain production, thereby putting more pressure on the non-renewable fossil fuel.  As 
Indian coal plants have started using imported (or blended) coal today, this would have serious implications on 
energy access and energy security for the electricity-deficient country. 
Also, the cost of electricity is estimated to increase by INR 2.2/ kWh to INR 2.6/ kWh i.e. by 63-76% of the 
current value without CCS (INR 3.38-3.45 per kWh).  The government is already struggling with the subsidy burden 
in order to keep the price of electricity affordable to the domestic and agriculture sector [24].  The incremental cost 
of electricity generation due to CCS will have a huge financial burden on the exchequer as well as on the industrial 
and commercial consumers who often cross-subsidize the domestic and agriculture sector consumers.   
Finally, the value of CO2 avoidance cost estimated in this study (of INR 2,631 to INR 3,179 per tonne of CO2 
avoided, i.e. about 48 to 58 $ per tonne of CO2 avoided) is much higher than the price of a carbon credit in the 
international market.  A recent study on this subject (India CCS scoping study undertaken by TERI for the Global 
CCS Institute) has estimated this cost in the range of 31-34 $/ tonne of CO2 avoided, with the corresponding 
increase in the COE in the range of 38-47% [9].  However, the base case in this study was assumed to be a new, 
much larger (~ 4-5 GW) and much more efficient (super-critical) ultra-mega power plant. 
India is a developing country and has a huge deficit in meeting the rapidly increasing electricity demand, in spite 
of more than 300 million people (mostly in rural areas) not having access to electricity. Thus, the priorities for this 
country should be to enhancethe power generation capacity,to improve energy efficiency of the existing (and 
planned) power projects and to reducethe cost of electricity so as to make it affordable to the masses and to enable a 
more inclusive and balanced socio-economic development.  At present, CCS technology is unlikely to help in 
meeting these priorities.  Hence, this technology will need special policy incentives (domestic and international) so 
that the Indian power sector could consider it as a viable proposition.  
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